Introduction {#s1}
============

Colorectal cancer is one of the most common cancers in the Western world^[@r1],[@r2],[@r3]^. Many rodent colon cancer models have been developed to study various aspects of the colonic carcinogenesis process and to investigate chemotherapeutic or chemopreventive regimens^[@r2],[@r3],[@r4],[@r5]^. These animal models are chemically induced or genetically modified and provide many advantages, including understanding the pathogenesis of colon cancer, induction of rapid and reproducible tumors and recapitulation of the adenoma-carcinoma sequence that occurs in humans. Furthermore, they are valuable tools that can be used to better understand the underlying molecular aberrations and how these changes may relate to the pathogenesis of human colorectal cancer.

Among them, rodent colitis-associated colon cancer models using dextran sulfate sodium (DSS) in combination with or without a mutagenic carcinogen are some of the most frequently used colon cancer models. DSS, a polysulfated derivative of dextran, is non-genotoxic^[@r6]^ but is able to cause colonic tumors at a very low incidence/multiplicity in rodents^[@r4],[@r7],[@r8]^. This ability is strongly suggested to be closely associated with acute and chronic colitis induced by DSS^[@r2],[@r3],[@r4],[@r5],[@r7],[@r8]^. Methylating agents such as azoxymethane (AOM)^[@r9],[@r10],[@r11]^ and 1,2-dimethylhydrazine (DMH)^[@r12],[@r13],[@r14]^ have often been used as the colon-specific mutagenic carcinogens in these models, and the mutagenic carcinogen and DSS are considered to be an initiator and promoter, respectively, for tumorigenesis^[@r11],[@r13]^. In such models using DSS in combination with a colon mutagenic carcinogen, generally it takes 10--20 weeks to induce colonic adenocarcinomas^[@r2],[@r3],[@r4],[@r5],[@r9],[@r10],[@r12],[@r13],[@r14]^.

We recently established a novel accelerated mouse colon cancer model using DSS and benzo\[*a*\]pyrene (BP) and reported rapid induction of colonic adenocarcinomas at week 4 following sequential exposure to BP and DSS^[@r15]^. Our model comprises oral BP treatment of male CD2F~1~ mice at 125 mg/kg/day for 5 days, followed by a 9 day dosing-free period and subsequent administration of 4% DSS in drinking water for 1 week once (at week 2) or twice (intermittently, at weeks 2 and 5 separated by a 2-week DSS treatment free interval period). The BP used in this model is highly mutagenic^[@r16],[@r17]^ but noncarcinogenic^[@r1],[@r18],[@r19],[@r20],[@r21],[@r22]^ in the colon of mice by oral exposure. Thus, our model contrasts with other colon cancer models using DSS in combination with a colon-specific mutagenic carcinogen. Hence, a BP/DSS model is expected to provide a new tool for investigation of colon carcinogenesis, especially underling the role of genetic and epigenetic effects in colonic carcinogenesis, particularly those associated with colitis.

In our previous report^[@r15]^, we showed the incidence/multiplicity of colonic adenomas and adenocarcinomas only at weeks 4 and 11. In this paper, we present the detailed time course of the incidence/multiplicity of colonic dysplasia in addition to adenomas and adenocarcinomas with sampling time points at weeks 4, 7, 9, 11, 14 and 17 as well as histopathological features of these changes in this model. Furthermore, we also conducted immunohistochemical analysis of β-catenin staining in this model, since many studies have suggested that nuclear accumulation of β-catenin plays a key role in colonic carcinogenesis in animal models and humans^[@r2],[@r5],[@r7],[@r23],[@r24]^.

Materials and Methods {#s2}
=====================

Chemicals
---------

Benzo\[*a*\]pyrene (BP; CAS No. 50-32-8, purity of \>96%) was purchased from Sigma-Aldrich Corporation (St. Louis, MO, USA). Dextran sulfate sodium (DSS, CAS No. 9011-18-1, molecular weight; 36,000 to 50,000) was obtained from MP Biochemicals, LLC. (Aurora, OH, USA).

Animals
-------

Male Crj: CD2F~1~ (BALB/c x DBA/2) mice were obtained from Charles River Laboratories Japan, Inc., Tokyo, Japan, and maintained in our animal facility. All mice were housed in metal cages (one mice per cage) and were fed a basal diet (Oriental CRF-1, Oriental Yeast Co., Ltd., Tokyo, Japan) and tap water *ad libitum* under controlled conditions of temperature (23 ± 1°C), humidity (55 ± 10%) and light (12-h light/12-h dark cycle). They were quarantined for one week and then randomized by body weight into each group.

Experimental procedures
-----------------------

The designs of Experiments 1 and 2 are shown in [Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Outline of the protocols for the experiments for histopathology of the colon. Experiment 1 consisted of DSS and BP/DSS groups, and the mice in these groups (6 to 12 mice per group) were necropsied at weeks 14 and 17. In this report, the first week of the experiment is defined as week 0 (indicated as W0 in these figures). Experiment 2 consisted of vehicle, BP, DSS, and BP/DSS groups, and all mice were necropsied at weeks 4, 7, 9 and 11 (6 or 8 mice/group). Male CD2F~1~ mice were treated with BP at an oral dose of 125 mg/kg/day for 5 consecutive days, and starting 10 days after the last dose, mice were given 4% DSS in drinking water for 1 week once (at week 2) or twice (intermittently, at weeks 2 and 5 separated by a 2-week DSS treatment free interval period). Salad oil and distilled water were used as vehicle controls for BP and DSS solutions, respectively.. Experiment 1 consisted of DSS and BP/DSS groups, and six or eight mice in the DSS group and six or twelve mice in the BP/DSS group were necropsied at weeks 14 and 17. In this report, the first week of experiment is defined as week 0. Because mice that received both BP and DSS developed multiple adenocarcinomas as early as week 14, Experiment 2, consisting of 4 groups (vehicle, BP, DSS and BP/DSS groups), was conducted to generate data at earlier time points. Eight mice in the vehicle, BP and DSS groups and six or eight mice in the BP/DSS group were necropsied at weeks 4, 7, 9 and 11. Mice were sacrificed under anesthesia to collect the colorectum from the cecocolic junction to anal verge for histopathology or immunohistochemistry.

Seven-week-old mice were treated with BP at an oral dose of 125 mg/kg/day for 5 consecutive days (at week 0). Ten days after the last dose of BP, mice were given 4% DSS in drinking water for 1 week once (at week 2) or twice (intermittently, at weeks 2 and 5 separated by a 2-week DSS treatment free interval period). BP and DSS were dissolved in salad oil (Nisshin Oillio Group, Ltd., Tokyo, Japan) at 12.5 mg/mL and distilled water at 40 mg/mL, respectively. The salad oil and distilled water were used as vehicle controls for BP and DSS solutions, respectively. These protocols were approved by the Institutional Animal Care and Use Committee and carried out according to Eisai animal experimentation regulations.

Tissue collection and histopathology
------------------------------------

At necropsy, the large intestine (from the ileocecal junction to the anal verge) was immediately excised, flushed with saline, infused with 10% buffered formalin, cut open longitudinally along the mesenteric attachment and grossly observed. Thereafter, tissues were stored in 10% buffered formalin, cut into three or four equal lengths from the proximal to the distal ends, processed and embedded in paraffin.

Longitudinal sections of the colon were stained with hematoxylin and eosin (H & E) for histopathological assessment of dysplastic and neoplastic lesions in the colon mucosa. These lesions were classified into dysplasia, adenoma and adenocarcinoma according to the criteria described in our previous report^[@r15]^ and originally reported by Riddell et al.^[@r25]^, Pascal^[@r26]^ and Ward^[@r27]^. The numbers of dysplastic foci, adenomas and adenocarcinomas produced in each colon were counted with the Aperio^®^ image analysis software (Aperio Technologies, Inc., Vista, CA, USA).

Immunohistochemistry
--------------------

Paraffin-embedded sections of mouse colons with dysplastic and neoplastic lesions from the BP/DSS group at weeks 4, 7, 9 or 11 were examined for immunohistochemical staining for β-catenin and Ki-67. For comparison, dysplastic foci and neoplastic lesions found in the colon of a DSS-treated mouse at weeks 4 and 11, the colon of a BP-treated mouse and the normal colon from a mouse treated with vehicle at week 11 were also examined by these methods.

Monoclonal mouse anti-mouse β-catenin (clone 14, BD Transduction Laboratories, Lexington, KY, USA) was used at 1/1000, and monoclonal rat anti-mouse Ki-67 (clone TEC-3, DAKO, Glostrup, Denmark) for detection of cell proliferation was used at 1/40. After autoclave or microwave antigen retrieval of 4 μm sections, the Envision^TM^+Dual Link System or a streptavidin biotin-peroxidase complex method (biotinylated rabbit anti-rat immunoglobulin and peroxidase-labeled streptavidin, DAKO) was used to examine their expression and localization. These sections were further counterstained with Mayer's hematoxylin solution for microscopic examination. Sections from the same blocks without the addition of primary antibodies served as negative controls.

Results {#s3}
=======

Mortality, clinical findings and body weight
--------------------------------------------

Most of the mice in the BP/DSS and DSS groups showed soft or bloody stools during the latter part of each week-long DSS treatment with resolution of these clinical signs after a few days following treatment cessation. Bloody stool was also observed in mice with tumors in the BP/DSS group at and after week 7. There was also a significant decrease in the mean body weights of mice in the BP/DSS and DSS groups (as compared with mice in the vehicle and BP groups) during the latter part of each week-long DSS treatment, with recovery after about 2 weeks. At and after week 8, there were no significant differences in the mean body weights between any treatment groups ([Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Body weights of mice. The symbols (▼) indicate the time of tissue collection (necropsy) for histopathology.).

In the Experiment 1, three mice in the BP/DSS group were found dead or were sacrificed due to poor physical condition/health at weeks 12 or 13. Clinically, bloody stool and a marked reduction in body weights were noted, and multiple neoplastic masses obstructing the large intestine were noted at necropsy. These findings suggest that impaired bowel movement contributed to poor physical condition/mortality. There were no deaths in Experiment 2.

Gross findings
--------------

All mice from the BP/DSS group showed shortening of the large intestine accompanied by irregular thickening of the intestinal wall. At week 4, the mucosal surface of the distal colon was rough ([Fig. 3A](#fig_003){ref-type="fig"}Fig. 3.Macroscopic view of the colons of mice from the BP/DSS group at weeks 4 (A), 7 (B), 9 (C) and 11 (D), DSS group at weeks 7 (E) and 9 (F), vehicle group at week 7 (G) and BP group at week 7 (H). In the BP/DSS group, a rough surface was seen in the distal colon at week 4 (A), and nodular or polypoid masses were found in the distal and/or middle colons at weeks 7 (B), 9 (C) and 11 (D). No obvious changes were found in the vehicle (G) and BP groups (H), while masses were sporadically observed in the DSS group (E and F). Bar: 1 cm.), and at week 7, several masses were observed in the distal colon ([Fig. 3B](#fig_003){ref-type="fig"}). At week 9, many nodular or polypoid masses were evident predominantly in the distal and middle parts of the colon in all mice from the BP/DSS group ([Fig. 3C](#fig_003){ref-type="fig"}). At week 11, the masses became larger in size, and some of the masses appeared to have fused ([Fig. 3D](#fig_003){ref-type="fig"}).

In the mice of the DSS group, findings similar to the BP/DSS group, *i.e.,* shortening of the large bowel, irregular thickening of the intestinal wall and a rough surface of the colonic mucosa, were observed at week 4. In contrast with the BP/DSS group, masses were sporadically observed only in a few mice at or after week 7 ([Figs. 3](#fig_003){ref-type="fig"}E and[3](#fig_003){ref-type="fig"}F), and these masses were smaller than those found in the BP/DSS group. There were no noteworthy gross changes in any of the mice from the vehicle ([Fig. 3G](#fig_003){ref-type="fig"}) or BP ([Fig. 3H](#fig_003){ref-type="fig"}) group at any time points.

Histopathology
--------------

Erosive or ulcerative colitis with severe inflammatory cell infiltration and edema in the lamina propria and/or submucosa was observed in the distal and middle parts of the colon of mice exposed to DSS (BP/DSS and DSS groups) at weeks 4 and 7. At and after week 9, erosions with focal infiltration of inflammatory cells and foamy accumulations of macrophages were sporadically observed in the lamina propria.

In the BP/DSS group, an irregularly thickened mucosa accompanied by colitis and a regenerative crypt epithelium were observed in the distal part of the colon at week 4 ([Fig. 4A](#fig_004){ref-type="fig"}Fig. 4.Histopathology of the colons of mice from the BP/DSS group at weeks 4, 7, 9 and 11. Neoplastic lesions including tubular adenoma and polypoid tubular adenocarcinoma can be seen in the distal part of the colonic mucosa at week 4 (A). Thereafter, the size of the neoplastic lesions gradually increases with time at weeks 7 (B), 9 (C) and 11 (D). H& E stain.), and there were many dysplastic foci characterized by irregular branching, distorted architecture with cellular and nuclear pleomorphism, nuclear enlargement and hyperchromatism and a paucity of goblet cells ([Fig. 5A and 5D](#fig_005){ref-type="fig"}Fig. 5.Histopathology with H & E stain (A and D) and immunohistochemistry of β-catenin (B and E) and Ki-67 (C and F) in dysplasia of mice from the BP/DSS group. Figs. (A) to (C) and Figs. (D) to (F) are serial sections of different dysplasias, respectively. Dysplasia was characterized by irregular crypt branching and distortion of the crypt architecture. β-catenin was localized on the cell membrane of most dysplastic foci (E) and distributed in the nucleus and/or cytoplasm of a small number of dysplastic foci (B). Ki-67-positive cells were diffusely distributed in dysplastic foci (C and F).). Morphologically, these dysplastic foci clearly differed from regenerating crypts. While the regenerative crypts also showed an abnormal crypt architecture with distortion, dilatation, branching and/or shortening of crypts, they were present in close proximity to erosion and/or ulceration, lacked distinct cellular atypia and showed goblet cells with maturation towards the surface even though mucin production was decreased. Neoplastic lesions, adenomas as well as adenocarcinomas, were first observed in the distal part of the colonic mucosa as early as week 4 ([Fig. 4A](#fig_004){ref-type="fig"}) and week 7 ([Fig. 4B](#fig_004){ref-type="fig"}) and were subsequently noted in the distal and middle parts of the colonic mucosa. A gradual increase in the size of neoplastic lesions with time was noted at weeks 9 ([Fig. 4C](#fig_004){ref-type="fig"}) and 11 ([Fig. 4D](#fig_004){ref-type="fig"}). The neoplasms were polypoid masses composed of tubular and papillary proliferations that protruded into the intestinal lumen, extended into the lamina propria and compressed the adjacent mucosa and were diagnosed as tubular adenomas or well/moderately differentiated adenocarcinomas^[@r27]^. Adenomas ([Fig. 6A](#fig_006){ref-type="fig"}Fig. 6.Histopathology with H & E stain (A and D) and immunohistochemistry of β-catenin (B and E) and Ki-67 (C and F) in adenomas and adenocarcinomas of mice from the BP/DSS group. Adenomas consisted of variably sized glands lined by single/multiple layers of epithelial cells (A). Adenocarcinomas were characterized by variable sized, irregularly branched and distorted glands lined by marked stratified epithelial cells (D). β-catenin was distributed in the nucleus and cytoplasm of adenoma (B) and adenocarcinoma cells (E). Ki-67-positive cells were most numerous in colonic adenoma (C) and adenocarcinoma cells (F).Fig. 7.Histopathology with H & E stain and immunohistochemistry of β-catenin and Ki-67 in the colonic mucosa of mice from the vehicle group (A--C) and BP group (D--F) and in dysplasias (G--I) and adenomas (J--L) of mice from the DSS group. No obvious histological changes were found in the vehicle (A) and BP group (D). Histological characteristics of dysplastic foci (G) and adenomas (J) found in the DSS group were similar to those observed in the BP/DSS group. β-catenin was localized on the cell membrane of the normal mucosal cells in the vehicle (B) and BP groups (E) and dysplastic foci (H) in the DSS group. The β-catenin was distributed in the nucleus and cytoplasm of adenomas (K) in the DSS group. Ki-67-positive cells were mainly localized in the lower zone of normal colonic crypts (C and F) and in diffusely distributed dysplastic foci (I) and adenomas (L) in the DSS group.) consisted of variably sized glands lined by single/multiple layers of epithelial cells, while adenocarcinomas ([Fig. 6D](#fig_006){ref-type="fig"}) consisted of variably sized distorted glands, which branched irregularly and were lined by marked stratified epithelial cells characterized by cellular and nuclear pleomorphism and loss of nuclear polarity, and were occasionally accompanied by squamous metaplasia ([Fig. 8A](#fig_008){ref-type="fig"}Fig. 8.Histopathology of the colons of mice from the BP/DSS group. Adenocarcinomas were occasionally accompanied by squamous metaplasia (A) or differentiation into Paneth cells (B, arrowhead). H& E stain.). Paneth cell differentiation (with eosinophilic cytoplasmic granules) was observed occasionally in the adenomas and adenocarcinomas ([Fig. 8B](#fig_008){ref-type="fig"}). Cellular invasion into the lamina propria was observed in some adenocarcinomas; however, true invasion into the submucosa or metastasis was not observed.

In the DSS group, dysplastic foci were predominantly observed in the distal parts of the colonic mucosa at week 4 and in the distal and middle parts at and after week 7. Dysplastic foci observed in mice of this group were morphologically similar to those observed in mice of the BP/DSS group ([Fig. 7G](#fig_007){ref-type="fig"}). Solitary adenomas ([Fig. 7J](#fig_007){ref-type="fig"}) or adenocarcinomas similar to those observed in the BP/DSS group were noted in a few mice at and after week 7. There were no noteworthy changes in mice from the vehicle ([Fig. 7A](#fig_007){ref-type="fig"}) and BP ([Fig. 7D](#fig_007){ref-type="fig"}) groups, as reported in our previous paper^[@r16]^.

Incidence and multiplicity of dysplastic foci, adenomas and adenocarcinomas
---------------------------------------------------------------------------

[Table 1](#tbl_001){ref-type="table"}Table 1.Incidence\* of Dysplastic Foci, Adenomas, and Adenocarcinomas lists the incidence of dysplastic foci, adenomas and adenocarcinomas noted in all treatment groups at each observation time point, while [Table 2](#tbl_002){ref-type="table"}Table 2.Multiplicity\* of Dysplastic Foci, Adenomas, and Adenocarcinomas shows the multiplicity of these lesions.

In the BP/DSS group at week 4, the incidence of dysplastic foci, adenomas and adenocarcinomas was 100%, 100% and 62.5%, respectively. From weeks 7 through 17, the incidence of adenomas and adenocarcinomas was 100%. The dysplastic foci were observed at an incidence of 100% up to week 11 and thereafter were still observed in 67% or 83% animals. The number (multiplicity) of dysplastic foci was 14.6 ± 7.6 at week 4 and decreased with time to 3.1 ± 1.2 at week 9, thereafter remaining constant. The multiplicity of adenomas was 5.9 ± 2.5 at week 4 and remained almost constant throughout the observation period. In contrast, the multiplicity of adenocarcinomas was 1.5 ± 1.8 at week 4 and increased time dependently to a peak of 29.3 ± 12.8 at week 14 followed by a slight reduction to 25.3 ± 6.4 at week 17, possibly due to fusion with adjacent adenocarcinomas.

In the DSS group, dysplastic foci were observed at an incidence of 100% up to week 11 and thereafter were observed still in 75% or 100% mice. The mean number of dysplastic foci was 15.3 ± 6.3 at week 4, decreasing with time to 3.1 ± 1.7 at week 9 and thereafter remaining almost constant. Adenomas or adenocarcinomas were found in only a few mice at and after week 7. Neither dysplastic foci nor neoplastic lesions were found in any mice of the vehicle and BP groups, consistent with our previous report^[@r16]^.

Immunohistochemistry
--------------------

In the normal colonic mucosal epithelial cells of vehicle-treated mice (control) ([Fig. 7B](#fig_007){ref-type="fig"}) and most of the dysplastic foci from the BP/DSS group ([Fig. 5E](#fig_005){ref-type="fig"}), β-catenin was exclusively localized on the cell membrane. In contrast, β-catenin was present in the nucleus and/or cytoplasm of the rest of a small number of dysplastic foci ([Fig. 5B](#fig_005){ref-type="fig"}), colonic adenoma ([Fig. 6B](#fig_006){ref-type="fig"}) and adenocarcinoma ([Fig. 6E](#fig_006){ref-type="fig"}) cells in the BP/DSS group. There were no apparent differences in the intensity of cytoplasmic β-catenin expression between adenoma and adenocarcinoma cells; however, the intensity of nuclear β-catenin expression in adenocarcinoma cells and the number of adenocarcinoma cells demonstrating nuclear positivity was greater than in dysplastic foci or adenoma cells. Nuclear staining of β-catenin in tumors ([Fig. 6B and 6E](#fig_006){ref-type="fig"}) and dysplastic foci ([Fig. 5B](#fig_005){ref-type="fig"}) showed a scattered heterogeneous pattern. In the DSS group, β-catenin was exclusively localized on the cell membrane in all dysplastic foci ([Fig. 7H](#fig_007){ref-type="fig"}) and was present in the nucleus and/or cytoplasm of colonic adenoma ([Fig. 7K](#fig_007){ref-type="fig"}) and adenocarcinoma cells in the same pattern. Immunopositivity for β-catenin was also observed on cell membranes of vascular endothelial cells and ganglion cells in the submucosal and myenteric (Meissner's and Auerbach's) plexus ([Fig. 7B](#fig_007){ref-type="fig"}).

Ki-67-positive cells were mainly localized in the lower zone of normal colonic crypts of a vehicle-treated mouse ([Fig. 7C](#fig_007){ref-type="fig"}). In mice of the DSS or BP/DSS group, the number of Ki-67-positive cells greatly increased in colonic dysplastic foci ([Fig. 5C, 5F and 7I](#fig_005){ref-type="fig"}), adenomas ([Fig. 6C and 7L](#fig_006){ref-type="fig"}) and adenocarcinomas ([Fig. 6F](#fig_006){ref-type="fig"}) compared with normal crypts ([Fig. 7C](#fig_007){ref-type="fig"}).

Discussion {#s4}
==========

BP is mutagenic^[@r16],[@r17]^ but not carcinogenic in the murine colon^[@r1],[@r18],[@r19],[@r20],[@r21],[@r22]^. Treatment of CD2F~1~ mice with BP (125 mg/kg/day) for 5 days (at week 0) and subsequent exposure to DSS (4% in drinking water) for 1 week once (at week 2) or twice (at weeks 2 and 5) rapidly induced dysplasia, adenoma and adenocarcinoma in the colonic mucosa as early as week 4 (one week after treatment with DSS); dysplastic foci, adenomas and adenocarcinomas were present at incidences of 100%, 100% and 62.5% and at multiplicities of 14.6 ± 7.6, 5.9 ± 2.5 and 1.5 ± 1.8, respectively. The BP/DSS treatment also induced erosive or ulcerative lesions of the colonic epithelium during the period of DSS treatment for one week, followed by subsequent regeneration of the colonic mucosa for the next week (at week 4). Because induction of mutations has previously been reported in the colon of Muta^TM^ Mouse transgenic CD2F~1~ mice (carrying the *E. coli lacZ* gene for detection of mutations) 2 and 26 weeks following oral treatment with 125 mg/kg/day BP for 5 days^[@r16],[@r17]^, the colonic neoplasms were suggested to be derived from BP-mutated colonic epithelial cells through progression of dysplastic foci to adenomas within a very short period of one week following exposure to DSS. This rapid induction of adenocarcinomas may support a single-hit model or "*de novo*" type of tumorigenesis after exposure to DSS rather than a multi-hit model (sequential genetic alterations), which has been proposed in many studies on colorectal cancer in human or animal models^[@r2],[@r5],[@r28],[@r29]^. Namely, the induction of adenocarcinomas might be a consequence of direct transformation of BP-initiated colonic epithelial stem cells or progenitor cells into adenocarcinoma cells through progression of transiently appearing dysplastic foci and subsequent adenomas after DSS exposure^[@r30],[@r31]^.

Colonic adenocarcinomas found in mice from the BP/DSS group increased time dependently in both incidence and multiplicity. Adenocarcinomas were found at an incidence of 62.5% at week 4 and at an incidence of 100% at and after week 7. Their multiplicity was 1.5 ± 1.8 at week 4 and increased time dependently, reaching a peak of 29.3 ± 12.8 at week 14. To our knowledge, the induction of colonic adenocarcinomas observed in this model is faster and/or yields a significantly higher number of malignant tumors as compared with other reported colon cancer models including chemically induced and genetically engineered models^[@r2],[@r4],[@r9],[@r10],[@r11],[@r12],[@r13],[@r14],[@r32]^. A possible reason for the high incidence/multiplicity of tumor formation in such a short period of time is use of the strain of CD2F~1~ mice, which allowed us to treat the mice with DSS at a relatively high concentration of 4% in drinking water as compared with other strains. There are no other reports on use of this strain of mice in a DSS-associated colon cancer model. Male CD2F~1~ mice tolerated this dose, with induction of extensive necrosis of the colorectal mucosa.

The histopathological findings noted in this model show similarities to those reported in other DSS-induced colitis-associated rodent colon cancer models with and without a colon mutagenic carcinogen such as AOM, DMH, or 2-amino-1-methyl-6-phenylimidazo\[4,5-*b*\]pyridine (PhIP)^[@r2],[@r4],[@r5],[@r7],[@r8],[@r32]^. Neoplasms found in this model were histologically diagnosed as tubular adenomas and well- or moderately differentiated adenocarcinomas. Furthermore, colonic neoplasms were occasionally accompanied by the occurrence of squamous metaplasia or Paneth cells, as reported in other models^[@r12],[@r13]^. The Paneth cells might be driven in intestinal crypts by a maturation program through induction of Wnt signaling^[@r33]^ and might be related to promotion/progression of initiated/mutated cells to tumor cells by constituting the niche for stem cells in intestinal crypts^[@r34]^. In this model, adenocarcinomas invaded into the lamina propria; however, invasion into the submucosa and metastasis were not observed. While submucosal invasion and metastasis is frequent in human colorectal cancer, rodent colon tumor models tend to nonmetastatic and rarely show evidence of tumor cell invasion^[@r35],[@r36]^. Adenomas and adenocarcinomas predominantly appeared in the region of middle to distal colon, where erosive or ulcerative colitis were distributed, as reported in other DSS models^[@r2],[@r4],[@r5]^. Such tumors were not induced only by mechanical disruption of colonic epithelial cells, *i.e.,* scraping with a cotton-tipped swab until the cotton was slightly stained with blood once or twice (2 weeks apart) in place of DSS treatment following BP treatment (our unpublished data). Therefore, enhanced cell proliferation alone due to regeneration of the mucosa was not a critical factor for tumor induction. Thus, inflammation is probably one of the important factors for the induction of colon cancer in this model.

β-Catenin accumulated in the nucleus/cytoplasm of the colonic adenomas and adenocarcinomas in the BP/DSS-treated mice. In vehicle-treated mice, β-catenin was expressed exclusively on the cell membrane of normal colon mucosal epithelial cells. This translocation of β-catenin into the nucleus/cytoplasm was consistent with that found in other DSS-induced colon cancer models in combination with a carcinogen such as AOM, DMH or PhIP^[@r2],[@r4],[@r11],[@r12],[@r13],[@r14],[@r32]^. Tumor development in mice exposed to BP and DSS was considered in these studies to be, at least in part, associated with activation of the β-catenin/Tcf signaling pathway, because β-catenin is known to accumulate when the β-catenin or *APC* genes are mutated or the Wnt signaling pathway is activated^[@r2],[@r5],[@r23],[@r24],[@r29]^. This may be supported by a recent study showing that BP increases the number of colon tumors in *Apc*^Min/+^ mice^[@r37]^, which have a point mutation at the recessive *Apc* tumor suppressor gene^[@r29]^.

Similar to adenomas and adenocarcinomas, the morphological characteristics of dysplastic foci observed in mice exposed to DSS alone were comparable to those found in the BP/DSS-treated mice, and the multiplicities of dysplastic foci that appeared in mice exposed to DSS alone had a time course similar to that observed in the BP/DSS-treated mice. However, the neoplastic potential of these dysplastic foci varied between BP/DSS- and DSS-induced foci, since the number of adenocarcinomas increased time dependently in the BP/DSS-treated mice, reaching a mean of 29.3 at week 14, whereas in the mice exposed to DSS alone, only a few tumors (with a mean of 0.1--0.4) were noted during the observation period. In addition to tumors, abnormal β-catenin expression was observed in subsets of dysplastic foci in the BP/DSS-treated mice. Certain types of β-catenin accumulated dysplastic crypts, such as BCAC (β-catenin-accumulated crypts), β-catenin-accumulated dysplastic ACF (aberrant crypt foci) and dysplasia-associated lesion or mass (DALM), were shown to be present in the colon of rats or mice with a predisposition to develop colon cancer in response to some colonic carcinogens (AOM, DMH, PhIP and DSS)^[@r7],[@r12],[@r38],[@r39],[@r40],[@r41]^. Although such β-catenin-accumulated dysplastic foci/crypts have been identified as preneoplastic or neoplastic lesions, all of these foci/crypts do not always develop into tumors. Because aberrant β-catenin accumulation was found in dysplastic foci/crypts without β-catenin mutations^[@r12],[@r39],[@r42],[@r43]^ and was caused by β-catenin mutations selected during malignant transformation in colon carcinogenesis^[@r12],[@r43]^, it is considered that all or subsets of β-catenin-accumulated dysplastic foci induced by treatment with both BP and DSS develop into tumors. The multiplicity (29.3) of adenocarcinomas at week 14 was higher than that (14.6) of dysplastic foci. The reasons for this gap between the multiplicity of preneoplastic and neoplastic lesions are not fully understood; however, it should be noted that every dysplastic foci induced in this study could not be counted because the multiplicity of the neoplastic lesions was evaluated using one longitudinal H&E section of the colon. On the other hand, there is a possibility that dysplastic foci observed after week 4 may be associated with the increased multiplicity of adenocarcinomas. Also, other types of preneoplastic lesions such as mucin-depleted foci, as presented in rat colon carcinogenesis with DMH^[@r44]^, might partially contribute to the development of colon cancers in this model. Further studies on the early stage of carcinogenesis in this model are necessary, including comparative investigations of developing colonic dysplastic foci induced by BP/DSS or DSS alone from molecular biology and pathology points of view.

In conclusion, dysplastic foci accompanied by regenerating epithelial cells rapidly appeared in the colons of mice exposed to BP/DSS and DSS alone, with a marked decrease in the number of dysplastic foci with time, and thereafter showed a continued low multiplicity of dysplastic foci. There were no histological differences in the dysplastic foci between BP/DSS and DSS alone. However, in mice treated with BP/DSS, induction of colonic adenocarcinomas markedly increased in a time-dependent manner, but only a few adenocarcinomas were noted in mice treated with DSS alone. Aberrant nuclear/cytoplasmic expression of β-catenin was found in subsets of dysplastic foci and tumor cells, suggesting a close association between aberrant β-catenin accumulation and promotion/progression of colon carcinogenesis by BP and DSS. This BP/DSS model provides a short-term experimental bioassay system that can be used to investigate the development of colonic tumors and the mechanisms of action of specific genes or molecules, particularly in relation to inflammation.
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